As the number of patients with Alzheimer's disease (AD) continues to rise throughout the twentyfirst century, scientists are increasingly looking for remedies, although the cause and pathology of the disease remain uncertain. Among treatments for AD, there is a renewed interest in curcumin as a potential medication. Studies of the substance have found a large amount of consumption associated benefits, including anti-inflammatory and antioxidant effects. Its wide healing properties make it increasingly interesting to scientists, with potential uses in the treatment of cancers, arthritis, various cardiovascular diseases, and neurodegenerative diseases. More recently, curcumin has been shown to have multipotent effects against various symptoms of AD. Among other things, curcumin has been able to ameliorate toxicity of beta-amyloid species, a key part of AD nuerodegeneration, in vivo and in vitro, and has been able to inhibit multiple parts along suspected AD pathology. The goal of this review is to summarize the research done on curcumin with respect to its applicability as a treatment for AD and AD related pathology.
Introduction
Alzheimer's disease (AD), the most common form of dementia, affects one in nine Americans over the age of 65 [1] . As the population of the United States experiences a demographic shift towards older ages, the incidence of AD in 2050 is projected to double from that of 1995 [2] . As such, AD poses an increasingly large problemto the general population that remains to be fully explored.
In 1907, Alois Alzheimer first described a neurodegenerative condition he saw in a patient which would eventually become known as AD. He observed various insoluble plaques and death of brain cells in his patient's brain [3] . Later research proved that the fibrils were composed of beta-amyloid (Aβ) peptide, of which many of the peptides clumped up to form senile plaques which disrupted normal brain cell functioning [4] . The prevalence of Aβ plaques in AD patients and its neurotoxic effects thus make Aβ a likely candidate for a biomarker of the disease [5] . Though senile plaques remain a pathological hallmark of AD, scientists found that soluble species of Aβ correlate more strongly to progressive levels of neurodegeneration [6] - [11] . Another central pathological indication of AD is formation of neurofibrillary tangles (NFT), caused by hyperphosphorylation of the tau protein [12] [13] . Originally supposed to stabilize microtubules, tau in its hyperphosphorylated state destabilizes microtubules, leading to inflammation within microglial cells and formation of NFTs, which trigger cell death [14] .
Curcumin and Its Properties
Curcumin is derived from the herb Curcuma Longa, more commonly known as turmeric, a sterile plant. Formally identified as diferuloylmethane, curcumin was first classified in 1815, and its crystalline form was first obtained in 1870. For centuries, it was frequently used as a natural plant product in Ayurveda, an Indian system of holistic medicine, to treat inflammation, liver disorders, diabetic wounds, and Sinusitis. Its usage has now expanded beyond medicinal purposes to many products and substances across the world, including curry, mustard, band-aids, cheese, and butter [11] .
Curcumin is a substance that is sensitive to degradation by visible and ultraviolet light, as well as high pH and oxygen, having a half-life of around 8 hours in human blood [15] . The structure of curcumin is largely composed of a carbon chain linking two aryl groups. Researchers have found the phenolic OH groups attached to the aryl groups to be able to scavenge reactive oxygen species (ROS), contributing to its anti-oxidative effect. Additionally, curcumin was shown to interact with many different substances including DNA, lipids, and proteins [16] .
The increasing amount of literature over Curcumin indicates versatile applications of Curcumin's properties. Curcumin has been shown to inhibit multiple pathways involved in apoptosis and cell invasion, exerts potent anti-oxidant effects, and affects enzymes that control tumor activity [17] [18] . Indeed, research has been done on the effects of curcumin for various medical uses, and scientists have found potential roles of curcumin in inhibition of invasion by thyroid cancer cells, exertion of protective effects against alcohol induced toxicity, and prevention of breast cancer, among other uses [19] - [22] .
Alzheimer's Disease and Curcumin
A cross-cultural study of India and the United States found that the Indian population aged 70 -79 had a 4.4 time lower prevalence of AD compared to the same population in the United States [23] . Researchers attributed part of the lower incidence of AD to the increased consumption of curry, and thus curcumin. To further verify this, a study found improved cognitive function among populations that consume curry, a food containing curcumin, on a regular basis than those who don't [24] . Additionally, research conducted on the ability of curcumin to scavenge free radicals has shown that it is able to outperform vitamin E (α-tocopherol) and tetrahydrocurcumin [25] [26] . Once initial studies established the relationship between curcumin and a lower incidence of AD, others sought to elucidate the mechanisms whereby curcumin could interact with AD [27] [28] .
Particularly important to scientists studying the connection between curcumin and AD is the blood-brain-barrier (BBB), a highly protective reticulum which molecules must be able to cross to effectively reach the brain [29] . Curcumin was shown to be able to cross the BBBprimarily because of its hydrophobic properties [29] [30] . In fact, curcumin has also been shown in vivo to even prevent disruption and degradation of the BBB by preventing damage from ONOO − [30] . In the presence of Aβ, curcumin showed a significant red shifted absorbance spectrum, proving that Aβ binds curcumin and impedes curcumin's degradation [31] . Taken together, these results suggest that curcumin may be able to serve as an indicator of Alzheimer's disease by identifying Aβ plaques.
Aβ Inhibition
The amyloid precursor protein (APP) can be cleaved by multiple enzymes (Figure 1) . In contrast to normal cleavage by α-secretase and γ-secretase, when APP is cleaved by BACE1 and subsequently γ-secretase beta amyloid is produced, along with the APP intracellular domain fragment and the sAPPβ fragment. Aβ may be cleaved into different lengths, the most common being 40 amino acids and 42 amino acids long, the latter one displaying less solubility. Initially, neurodegeneration was thought to have been caused by the formation of senile plaques described by Alois Alzheimer [3] . This was supported by research that found that Aβ in its fibrillar form (Aβf), the form which forms senile plaques, can trigger various neurotoxic effects, such as tau hyperphosphorylation [2] . However, later research done on Aβ indicated that its soluble oligomer form (Aβ40) correlated more closely with the severity of symptoms shown, leading to suspicion that the soluble species of Aβ in fact mediated toxicity [32] [34] [35] . Studies have indicated soluble Aβ to be attracted by copper and zinc ions at synapses, and some have hypothesized that its affinity for such metal ions near the synapses are responsible for its toxicity at receptor sites [36] . Others have explored concentrations of soluble Aβ gradually eroding mitochondrial activity as a possible cause of the AD cascade [32] . Accordingly, many developed and developing AD therapies have been targeting Aβ plaques, oligomers, and fibrils including immunotherapies, pharmacological treatments, and passive and active vaccines [37] - [39] .
Like these treatments and therapies, curcumin has the potential to inhibit formations of Aβ plaques and lower soluble Aβ levels, suggesting a similar mechanism. When fed in low doses to APP swe mice (mice with the Swedish mutant APP transgene), curcumin displayed an ability to significantly decrease soluble and insoluble Aβ levels compared to mice who were fed high doses of curcumin or not fed curcumin at all. Both oxidative damage and plaque burden were reduced in mice who had received the curcumin treatment versus those that didn't. Interestingly, the size of individual plaques in treated mice was found to be reduced as well, but the reduction in size wasn't statistically significant [40] . A later study on APP swe /PS1 dE9 mice observed that curcumin was able to prevent the formation of new Aβ plaques and remove preexisting plaques. However, even while reducing the prevalence of Aβ plaques, curcumin increased the ratio of soluble Aβ42 to soluble Aβ40, thought to positively correlate with presence of AD [41] . Curcumin has also been investigated in multiple studies using a Drosophila E22G lines [42] . Using a different transgene, another group was able to show that several derivatives of curcumin, including diarylalkyls curcumin, demethoxycurcumin, and bisdemethoxycurcumin, were able to rescue morphological defects in the eyes of GMR > APP/BACE-1 expressing flies. Drosophila expressing elav > APP/BACE-1 and elav > BACE-1 also showed significant improvement in locomotor activity through a climbing assay and significant lengthening of lifespan [43] . In contrast to the study in mice, however, curcumin treated Drosophila displayed no change in soluble Aβ ratios [31] . It is suggested that one of the ways by which curcumin decreases production of Aβ is through downregulation and phosphorylation of the enzyme GSK-3β, which is thought to decrease presenilin-1 and γ-secretase activity [43] .
An in vitro study of the effect of curcumin on Aβ peptides showed that its presence tends to destabilize the β-sheet formation of Aβ. This could be due to the hydrophobic nature of curcumin disturbing the attractions necessary for formation of β-sheet structures, or π-π interactions between the keto or enol rings of curcumin and the aromatic characteristic of Aβ dimers [41] . A "Goldie-locks" model has been proposed to describe curcumin's interaction with Aβ (Figure 2 ). Curcumin appears to be a good match for activity with Aβ, given its hydroxyl substitution on itsaromatic groups and its relatively inflexible linker between the two aromatic groups [44] . Further evidence that curcumin binds at the 12th and 17 -21st residues of Aβ 42 and this binding seems not to be site-specific suggests that curcumin interacts with intermolecular β-sheet binding [45] .
Curcumin and Macrophages
A different interaction between curcumin and Aβ plaques lies in the interaction between curcumin and macrophages. Macrophages are thought to play a role in the body's innate ability to inhibit Aβ plaques by inducing phagocytosis of Aβ through innate immunity or an adaptive immune system. In AD patients, however, it is postulated that these macrophages are less effective at clearing Aβ peptides than those of healthy individuals [46] . A likely explanation for this decreased efficiency is that AD patients have greater immune tolerance for Aβ, which hinders the innate immune response to Aβ plaque formation [47] . However, introduced antibodies responding to Aβ were able to reduce the AD pathology in a mouse model, providing hope for methods targeting phagocytosis of Aβ [48] . An in vitro study done on human macrophages have shown that treating them with curcumin increases their Aβ uptake and causes intracellular phagocytosis of Aβ as well [49] . Thus, curcumin may inhibit Aβ plaque formation indirectly as well through macrophages.
Cholesterol and Curcumin
Another suggested mechanism through which curcumin is able to alleviate the inflammatory cascade is its interactions with cholesterol. High plasma cholesterol levels were shown to have a strong connection with Aβ generation through multiple animal models, possibly up-regulating the production of Aβ [50] . Cholesterol also shows a relationship to the ApoE gene, which has been linked to the late-onset form of AD [9] . The opposite was also found in an experiment on C. elegans: reducing cholesterol supply alleviated symptoms of paralysis caused by Aβ [51] . Along with high levels of metal ions of copper, iron, and zinc, cholesterol was extensively researched to elucidate its role in AD pathogenesis [52] .
Though a relationship between cholesterol and AD has been established, specific mechanisms on the interaction between the two have been sparse. One theory indicates that cholesterol rich microdomains, notably lipid rafts, display a much higher level of γ-secretase and possibly β-secretase, and therefore the localization of APP to these membranes. Due to decreased activity of α-secretase and an increased β-secretase activity in the presence of lipid rafts, cholesterol is thought to promote amyloidogenic processing of APP [53] [54] . Confirming this relationship in animals, research has been conducted showing high cholesterol to increase sAPP production [55] . However, evidence in human AD patients has been far less conclusive [56] . For example, AD patients had higher levels of 24-hydroxycholesterol (24-OH), a cholesterol oxidation product created by the oxidase CYP46A1 that is able to cross the BBB easily, but displayed reduced plasma levels of 24-OH as the disease progressed. This may be explained by the higher level of 27-hydroxycholesterol (27-OH), oxidized by CYP27A1, which has led researchers to think of AD not relating to overall cholesterol levels, but as a product of a different ratio of 24-OH to 27-OH [57] [58] . Others have viewed imbalances in cholesterol as a product of disruption of the Golgi apparatuscholesterol trafficking by Aβ [59] . Yet others have proposed cholesterol's modification of gangliosides, particularly GM1, as increasing the ability of Aβ to congregate from predominantly α-helixes to more β-sheets [60] .
A study in humans found that curcumin increased HDL cholesterol levels and decreased overall cholesterol levels [61] . Accordingly, a reduction in overall cholesterol would be able to mitigate amyloidogenic processing of APP and reduce overall Aβ plaque burden [62] . Whether curcumin, in fact, does lower serum levels of cholesterol is still debated. Multiple studies have found curcumin to have no significant effect on cholesterol levels, though these contradictory results were carried out on different animal models and thus were possibly subject to different cholesterol metabolism mechanisms [63] .
Curcumin and Metal Ions
Several metal ions play key roles in the pathogenesis of AD. The most studied metal ion is copper (Cu ++ ). A close link has been established between AD and copper. APP knockout mice displayed an increase in copper levels in the brain and liver while in humans, senile plaques display high concentrations of copper [64] - [66] . In fact, some have even gone as far as hypothesizing inorganic copper as a leading cause of AD in developed countries [67] .
Though the importance of copper to neurological degradation of AD is generally agreed upon, the mechanism by which it does so remains unclear. BACE1, the most crucial form of β-secretase involved Aβ cleavage of APP, has been shown to interact with copper ions, suggesting a possible role of copper in regulation of APP processing [58] [68] . A diet supplemented with copper resulted in more Aβ aggregation and senile plaque like structures in rabbits, possibly through this β-secretase mechanism [69] . In vivo studies have hinted at another mechanism by which copper can exert effects: increased copper has been found to directly interact with Aβ penetration of the lipid bilayer, allowing Aβ penetration at lower pHs [70] . Perhaps another way copper interacts with AD is by causingmore lipid peroxidation and Aβ fibril formation when the Copper-Aβ complex produces hydroxynonenal, which modifies the His residue on Aβ [71] [72] . Similarly to cholesterol, copper has been suggested to elevate Aβ levels in lipid rafts [73] . Increased levels of copper may also affect the functioning of lowdensity lipoprotein receptor-related protein 1, which removes Aβ across the BBB, much like macrophages [74] .
Evidence has also been found that human Aβ, though interestingly not rat Aβ, generates ROS in the presence of Fe(III) and Cu(II) [75] . AD may additionally upregulate calcium signaling, which may account for the declines in memory [76] [77] .
Studies carried out on clioquinol, a Cu/Zn chelator, have shown that it is able to decrease Aβ deposition. In transgenic APP mice, treatment over 9 weeks with clioquinol reversed copper and zinc induced Aβ aggregation [78] . Similarly, other metal chelators have been shown to have an inhibitory effect on Aβ aggregation and ROS generation [79] [80] . A yeast model of Aβ expression also found degradation of metal-dependent Aβ oligomers, further supporting a possible role of metal chelation in the cure for AD [81] . A Drosophila model using GMRGal4 to drive transgenic Aβ expression also showed that presence of metal chelators is able to reduce Aβ phenotype in Drosophila eyes [82] .
Since curcumin is a chelator of iron and copper, metal chelation could be one mechanism that prevents Aβ aggregation, similar to clioquinol [30] [83] . Curcumin indeed shows the ability to chelate copper with Aβ peptides present, making this hypothesis even more plausible [84] . However, curcumin's effect on Aβ toxicity through copper seems to be dose-dependent, because curcumin fed at higher concentrations increased production of free radicals from copper in an in vitro study [85] . Similarly to copper, curcumin was also able to significantly lower the extracellular concentration of calcium, potentially downregulating the increased calcium signaling associated with AD and thus blocking apoptosis [86] .
In contrast to initial findings, however, mice overexpressing APP swe displayed significantly lower amounts of soluble Aβ after receiving a diet supplemented by copper [87] . Hence, AD is also suggested to be caused by a deficiency of copper, pointing out that many AD symptoms are consistent with a lack of copper [88] . Another study agrees with this, showing increased production of APP and thus Aβ and slower degradation of Aβ in the presence of a copper deficiency [89] . If that is the case, then curcumin may have in fact increase Aβ toxicity by reducing levels of copper.
Cytokines and Curcumin
Escalatory AD pathology results in increased apoptosis in brain cells compared to non-AD brain [90] . Elevated levels of interleukin-1, an inflammatory cytokine, have been shown to increase expression of APP, likely leading to Aβ accumulation [91] - [93] . Generally, inflammation blocking drugs have been somewhat effective in alleviating symptoms of AD, pointing to a potential role of blocking cellular signaling as a prospective mechanism for AD mitigation. Nonsteroidal anti-inflammatory drugs (NSAIDS) like ibuprofen have been able to reduce levels of soluble Aβ in transgenic Tg2576 mice, possibly through inhibition of inflammatory cytokines like interleukin-1 beta (IL-1β) and transforming growth factor-β [93] . In human AD brains, higher levels of IL-1α have been linked to the evolution of AD pathology and processing of APP [94] - [96] . Even though there is a weak connection between cox-2 and AD, multiple studies done on selective cycloxygenase-2(COX-2) inhibitors have shown increases in Aβ42 levels [97] .
Curcumin also interacts with various inflammatory cytokines, thus potentially reducing the extent of the inflammatory cascade triggered by Aβ. In one study carried out on chondrosarcoma cells, curcumin has been found to inhibit interleukin-1 signaling [98] . However, a study carried out on AD rats found no effect from curcumin on IL-1β, but did find an inhibitory effect from demethoxycurcumin, a close relative to curcumin in the curcumnoid family [99] . Additionally, it was found that curcumin upregulated expression of COX-2 [100] . Curcumin also displays the ability to raise the lowered levels of Akt and inhibit the activation of capasce-3 caused by intracellular Aβ, which are both closely linked to apoptotic processes [101] .
Curcumin as a Free Radical Scavenger
Critical to AD pathology and inflammation responses is the excessive generation of free radicals. It has been suggested that Aβ toxicity is closely related to cell membranes' interactions with these free radicals species [101] . Specifically, Aβ is thought to induce lipid peroxidation in these membranes, which would interfere with specific protein functions and result in cell death [102] . Brain cells are more susceptible to oxidative damage than other cells in the body because they mainly use glucose and digestion of glucose requires use of ROS, while they also have less enzymatic defense against oxidative stress [103] . Indeed, prefrontal cortex cells taken from AD patients showed high percentages of oxidized mRNA, likely due to these mechanisms [104] . Independently, in vitro studies have shown that this toxicity may be due to small segments of the Aβ peptide, and not necessarily due to the full length APP protein [105] . In a study carried out on PC12 cells, curcumin pretreatment of cells inhibited Aβ induced cytotoxicity [106] . In a mouse model, SOD activity was significantly decreased after mice were treated with curcumin, suggested antioxidant capabilities of curcumin [107] . When compared to other standard antioxidants, curcumin was found to have free-radical scavenging properties similar to α-tocopherol, BHA, and BHT [25] . An in vitro study in rat cortical neuron cells found that curcumin displayed a strong ability to scavenge the super oxygen anion radical, being four times more effective than a known scavenger trolox [107] . As mentioned before, these properties are attributed to the phenolic OH group attached to the two methoxy groups, which are able to transfer hydrogen atoms or sequentially transfer an electron and proton [16] .
Tau
Recent findings have increasingly pointed towards tau, part of a family of microtubule-associated proteins, as involved in AD pathogenesis [14] [108] . Though tau aggregation independently has been shown to cause NFTs because of its microtubule related activities, neurotoxicity occurs before NFTs form from hyperphosphorylated tau. This suggests that soluble species of tau may be the driver behind the inflammatory cascade, and points away loss-of-function or gain-of-function theories of tau neurotoxicity [109] [110] . Though Aβ and tau are able to exert toxicity from different mechanisms, Aβ has been shown to interact with tau, suggesting a synergetic pathology between the two molecules [111] . An experiment conducted on the role of tau showed a lack of neuronal loss in tau-knockout mice neurons compared to those non-knockout and transgenic human tau expressing mice [112] . Tau has been suggested to mediate toxicity from Aβ through its interactions with fyn, a protein kinase that reduces hyperactivity of NMDA receptors. Because an increased level of tau and fyn, and therefore upregulated NMDA receptor activity, accompany AD, dendrites are exposed to high concentrations of calcium, causing neuron death. Knockout tau mice, on the other hand, showed reduced dendritic fyn [113] .
Therapies have been developed that target tau kinases to reduce the amount of hypersphosphorylation, targeting kinases such as GSK-3β [114] . Curcumin was found to bind to NFTs in multiple animals, albeit displaying a weaker binding than to Aβ, raising the possibility of serving as an identifier [115] . Nueroblastoma cells displayed lower levels of tau overall and of phosphorylation at the serines at 262 and 396 after being treated with curcumin [116] . However, a similar study on PC12 cells showed that levels of tau were unchanged after curcumin treatment, while levels of phosphorylated tau were also decreased [86] . A suggested mechanism by which tau does this is through upregulation of the cochaperone BAG2 protein, which can clear tau tangles from cells [10] . With regards to the interaction between fyn and tau, curcumin has been shown to reduce the deficiency of NMDA receptors, as well as reduce the levels of soluble tau in transgenic AD mice, correcting behavioral deficits [117] .
Clinical Trials and Bioavailability
Curcumin displays very poor bioavailability in both human and mice, as levels of curcumin in the blood plasma have been very low compared to dosages, indicating poor absorption capability [117] . Its insolubility in water makes it challenging to administer, and its short half-life makes it ineffective over longer periods of time should it reach the bloodstream [118] .
Researchers have tested various modes of administration, the most common being oral dosages administered to humans and animals. Other means of administration include intraperitoneal injection as well as intravenal delivery, more commonly seen in animal model testing [119] . Indeed, rats orally ingesting curcumin showed just 1% bioavailability compared to intravenous injections, which showed much higher levels of bioavailability [120] . In order to make curcumin more effective, different modes of administration have been researched. Studies have found that curcumin administered through dry emulsions, lauroyl sulphated chitosan, and flexible liposomes, among others, reach higher absorption and maximum concentrations [121] - [123] .
The metabolism of curcumin may provide an answer to why bioavailability is so low in oral dosages. Studies have shown that in curcumin, depending on the administration method, is metabolically O-conjugated into curcumin gluconeride and sulfate, or produce tetrahydrocurcumin, hexahydrocurcuminol, and hexahydrocurcuminol through bioreduction (Figure 3) . This is observedin mice in vivo and human and rat hepatocytes [120] [124] [125] . Additionally, some of these compounds are weaker in their effects than curcumin. For example, hexahydrocurcuminol and octahydrocurcumin have reduced abilities to suppress COX-2 and NF-κB, respectively [126] [127]. This would help to explain the discrepancy between expected results and actual results of curcumin testing on humans.
Thus far, few clinical trials of curcumin with respect to AD have been completed. Baum et al. completed a 6 month clinical trial on AD patients and curcumin, and found no significant difference between curcumin receiving patients and placebo receiving ones. Additionally, no difference in absorption was detected between the 1g dose receiving patients and the 4g receiving patients, which suggests that curcumin has a maximum efficacy [128] . Ringman et al. completed a 24-week long double blind study on curcumin's effect on AD, and found no significant differences between the experimental groups (2 g or 4 g per day) and the placebo group in terms of MMSE and ADAS-Cog tests [129] . As noted, curcumin showed very low concentrations in the blood plasma after dosage, lining up with earlier predictions about bioavailability. Though several patients displayed adverse symptoms from administration in Ringman et al.'s study, other studies in humans have suggested a tendency towards fewer side effects with increasing curcumin dosage (up to 4 g), suggesting that it is safe for consumption and treatment [130] .
Conclusion
With the proliferation of literature and study on curcumin, new connections are being made to AD. Curcumin has shown an ability to destabilize Aβ plaque formation, increase phagocytosis of Aβ, interact with metal ions and cholesterol, and reduce overall inflammation from escalatory pathology due to tau. Curcumin also shows the potential to inhibit COX-2 and NF-κB activity, reducing overall inflammation. Compared to other substances, curcumin shows a potential to treat AD through multiple methods, offering diverse applications and wider usage, while remaining overwhelmingly safe with little to no side effects in animal models and clinical trials. However, the key hurdle between potential uses and clinical efficacy is the problem of bioavailability, which has yet to be sufficiently solved. Future research should focus on methods to increase bioavailability when administered to humans to fully explore potential similarities and thus anti-AD effects of curcumin as a potential treatment for the disease.
